Abstract Body mass index (BMI) is an easily calculated indicator of a patient's body mass including muscle mass and body fat percentage and is used to classify patients as underweight or obese. This study is to determine if BMI extremes are associated with increased 28-day mortality and hospital length of stay (LOS) in emergency department (ED) patients presenting with severe sepsis. We performed a retrospective chart review at an urban, level I trauma center of adults admitted with severe sepsis between 1/2005 and 10/2007, and collected socio-demographic variables, comorbidities, initial and most severe vital signs, laboratory values, and infection sources. The primary outcome variables were mortality and LOS. We performed bivariable analysis, logistic regression and restricted cubic spline regression to determine the association between BMI, mortality, and LOS. Amongst 1,191 severe sepsis patients (median age, 57 years; male, 54.7 %; median BMI, 25.1 kg/m 2 ), 28-day mortality was 19.9 % (95 % CI 17.8-22.4) and 60-day mortality was 24.4 % (95 % CI 21.5-26.5). Obese and morbidly obese patients were younger, less severely ill, and more likely to have soft tissue infections. There was no difference in adjusted mortality for underweight patients compared to the normal weight comparator (OR 0.74; CI 0.42-1.39; p = 0.38). The obese and morbidly obese experienced decreased mortality risk, vs. normal BMI; however, after adjustment for baseline characteristics, this was no longer significant (OR 0.66; CI 0.42-1.03; p = 0.06). There was no significant difference in LOS across BMI groups. Neither LOS nor adjusted 28-day mortality was significantly increased or
Introduction
Severe sepsis is responsible for at least 750,000 hospital admissions and over 215,000 deaths in the US each year [1] . Between 2004 and 2009, the incidence of severe sepsis increased by approximately 13 % annually, while the casefatality rate decreased steadily [2] . Over $16.7 billion is spent within hospitals and on healthcare for patients with severe sepsis annually-an average of $22,000 per case [1] . The rising incidence, total mortality rate, and costs associated with severe sepsis continue to create major medical challenges. Understanding predisposing factors for worse outcomes in severe sepsis patients may aid accurate risk stratification and promote proper utilization of early, targeted treatment protocols [3] .
Body mass index (BMI) is an easily calculated indicator of a patient's body mass including muscle mass and body fat percentage and is used to classify patients as underweight or obese. The relationship between BMI and adverse patient outcomes is an increasingly important area of research across all areas of medicine due to the growing incidence of obesity in the United States and around the world [4] . Increased BMI has been shown to be a significant risk factor for chronic health conditions including diabetes, hypertension, degenerative joint disease and congestive heart failure. As the association between BMI and adverse chronic health conditions continues to be studied, further efforts are needed to elucidate the relationship between increased BMI and adverse outcomes in critical care situations, including severe sepsis and septic shock. Increased risks associated with extremely high and extremely low BMI exist for broadly defined populations and have generated U-shaped curves relating BMI and mortality [5] . This relationship, however, may not be observed in critically ill patients, where studies have yielded conflicting results [6] [7] [8] [9] [10] [11] [12] [13] . Intensive Care Unit (ICU) data have demonstrated either: an increased risk in underweight, low BMI (\18.5 kg/m 2 ) patients [6, 7] , an increased risk in obese, high BMI ([30 kg/m 2 ) patients [8, 9] , no significant difference associated with BMI [10] [11] [12] [13] , or a decreased risk in obese, high BMI patients [14] .
The relationship between BMI and mortality has also been examined in specific diseases and during diverse procedures [2] ; however, to date, only one study has examined this relationship in a cohort of patients with severe sepsis [14] . The primary goal of this study is to determine if BMI is associated with 28-day mortality in a patient population presenting to the emergency department (ED) with severe sepsis or septic shock. The secondary goal is to determine the impact of BMI on hospital length of stay (LOS). We hypothesized that extremes (high or low) of BMI would be significantly associated with increased 28-day mortality and LOS [15] [16] [17] [18] [19] [20] [21] [22] .
Materials and methods

Setting
This study took place at the Hospital of the University of Pennsylvania and the study protocol was approved by the Institutional Review Board of the University of Pennsylvania with a waiver of informed consent.
Patients
This was a retrospective cohort study of patients presenting to the ED and admitted to an urban, level I trauma center with severe sepsis between January 2005 and October 2007. Patient ED records were screened for the following inclusion criteria within the ED: evidence of a suspected infection, defined as the administration of antibiotics; the presence of two or more systemic inflammatory response syndrome (SIRS) criteria; and evidence of one or more signs of new onset organ dysfunction, in accordance with the 2001 International Consensus Conference definitions for severe sepsis [23] . Adult patients (C18 years old) were included in the registry. Complete inclusion and exclusion criteria have been described elsewhere by Mikkelsen et al. [24] . Review of patients' medical records, discharge summaries, and assigned ICD-9 codes were used to confirm the diagnosis of severe sepsis in individual patients and validate the severe sepsis cohort.
Data collection and processing
Data were organized and recorded into a secure database; variables included: socio-demographics, comorbidities, initial and most severe vital signs, laboratory values, infection source, and mortality (in-hospital, 28-day, and 60-day). Triage vital signs, worst vital signs in the ED, and first laboratory results obtained after ED triage were utilized. Baseline vital signs and laboratory measurements were used to calculate the Acute Physiology and Chronic Health Evaluation II (APACHE II) score, creatinine clearance (CrCl, calculated using Cockcroft-Gault equation,) and sequential organ failure assessment score (SOFA) [25] . Height and weight were obtained from the admission record, procedure notes, or ICU flow sheets and used to calculate BMI (weight in kilograms divided by height in meters squared). 28-day, 60-day, and 1-year mortality were obtained from the hospital record and confirmed via the social security death index (SSDI). The primary outcome was 28-day mortality, with 60-day and 1-year mortality as secondary outcomes. Patients without documented height, weight, or mortality information were excluded from the study. Chart abstractions were verified for accuracy by a separate member of the study team.
Statistical analysis
Due to non-normality, we compared baseline and clinical characteristics across categories of BMI using the Wilcoxon's rank sum test or the Kruskal-Wallis test for continuous variables where appropriate and the Pearson's Chi squared (v 2 ) test for categorical variables. We performed two analyses to determine the association between BMI and mortality. In the first analysis, BMI was divided into five quintiles according to National Institutes of Health (NIH) definitions: underweight (BMI \18.5 kg/ [26] . A bivariable analysis was used to determine the association between variables listed in Tables 1, 2 and 3 and mortality. We used logistic regression to measure the unadjusted and adjusted odds ratio (OR) between BMI and mortality. Age and APACHE II score were included a priori into the base model. Variables that exhibited a p value of \0.20 on bivariable analysis were added to the base model one at time, and were retained in the final model if they altered the point estimate of the OR by [10 % [27] .
In the second analysis, we used a five-knot restricted cubic spline (RCS) regression model to plot the relationship between BMI as a continuous variable and mortality. Each knot represented one of the five BMI categories. The advantage of the RCS model is that it allows a nonlinear relationship in the fitted regression line [28] .
Statistical analyses were performed using Stata 12.0 software (Stata Datacorp, College Station, TX).
Results
Baseline characteristics
The cohort included 1,324 severe sepsis subjects between 2005 and 2007, 133 patients were excluded secondary to Tables 1, 2 and 3 . There were significant differences across the BMI categories in both comorbidities and baseline clinical characteristics. The overweight, obese, and morbidly obese groups were more likely to have diabetes, hypertension, and congestive heart failure, and less likely to have a cancer or be immunosuppressed (Table 1) . Sources of infection also differed significantly across the groups. Obese and morbidly obese populations were more likely to have soft tissue infections as the cause of severe sepsis compared to the non-obese (Table 2 ). In addition, morbidly obese patients were more likely to be younger and less severely ill (based on systolic blood pressure [SBP] and lower percentage of ICU admissions). Mean creatinine was higher in this population, but the CrCl was also higher on average. As presented in Table 3 , there was no observable difference in the clinical 
Association between BMI and mortality
The 28-day mortality for each BMI category is listed in Table 4 . Data were grouped for obese and morbidly obese groups to facilitate multivariable analysis, given the small number of mortal events at 28 days (five) in the morbidly obese group. By combining the obese and morbidly obese groups, a total of 48 mortal events occurred, allowing us to enter six variables into our multivariable analysis. The unadjusted and adjusted associations between BMI and mortality are shown in Table 4 . In unadjusted analysis, the combined group of obese and morbidly obese patients was significantly less likely to die (OR 0.67; CI 0.46, 0.97; p = 0.04). Specifically, it was the morbidly obese group that had a significantly lower mortality compared to the normal group (6.5 vs. 22.0 %; p = 0.002). This relationship was demonstrated in the RCS model overlaid on the distribution plot, which demonstrated a decrease in mortality with increasing BMI (Fig. 2) .
However, after adjusting for potential covariates, the combined obese and morbidly obese group OR was essentially unchanged, and the CI were broader, resulting in a non-significant decreased risk of mortality compared to the normal group (adjusted OR 0.66; CI 0.42, 1.03; p = 0.06). After adjustment for potential covariates, no difference in mortality was detected between the underweight group and the normal group (OR 0.76; CI 0.42, 1.39; p = 0.39).
In post hoc analyses, the association between morbid obesity and mortality did not differ significantly after stratification by admission to an ICU vs. admission to a non-ICU (OR 0.44 and 0.38, respectively, test for homogeneity, p = 0.32).
There were no differences between groups when analyzed for the secondary outcomes of 60-day and 1-year mortality in unadjusted and adjusted models.
Association between BMI and hospital LOS
The median hospital LOS of the severe sepsis cohort was 6 days (IQR 4-12). The LOS did not differ across BMI category (p = 0.18). Further, the LOS did not differ after inclusion of mortality as an indicator variable, in the subgroup of patients who survived to hospital discharge, nor did ICU LOS differ between BMI groups in those admitted to an ICU (p = 0.92).
Discussion
In this retrospective observational cohort study of patients admitted through the ED with severe sepsis, we find evidence, using the RCS model, that morbidly obese patients have a significantly lower mortality compared to the normal BMI group (p \ 0.001). However, after adjustment for potential confounding variables, the relationship between NIH obesity categories and mortality is no longer significant. Despite many hypotheses about the increased risk of complications and comorbidities in the underweight and Fig. 2 Restricted cube spline analysis demonstrating BMI distribution of study subjects, subject deaths, and mortality obese BMI groups, our study does not validate the hypothesis that these cohorts of patients have increased severe sepsis mortality [7] . Rather, our results support those of prior studies of critically ill patients demonstrating no significant difference in mortality between different obesity strata [6, 7, 29] . Further, our results suggest that morbidly obese severe sepsis patients may be significantly less likely to die compared to patients with a normal BMI. An examination of the baseline clinical characteristics across BMI groups reveals several plausible explanations for why, despite fulfilling criteria for severe sepsis, obese patients show a trend toward, and morbidly obese patients experience significantly lower mortality than normal BMI patients. Specifically, morbidly obese patients present in a less critically ill state than the other groups based on clinically significant differences in: age (younger,) hemodynamic status (higher minimum MAP,) laboratory values (higher CrCl despite higher serum creatinine levels,) lower mean calculated ED APACHE II scores, and lower MICU admission rate. Furthermore, along with the obese group, morbidly obese patients present much more frequently with severe sepsis due to skin or soft tissue infections than do those with lower BMIs. Despite the differences in presentation, the hospital LOS across BMI groups are comparable. These findings provide important information regarding the differences in the initial presentation and hospital course for severe sepsis patients with high BMI.
Alternatively, it is plausible that obese and morbidly obese patients have alterations in their basic physiology and immunologic responses to ischemia and infection that are protective as a patient becomes ill with a critical infection. For example, it has been proposed that obesity and commonly associated comorbidities including hypertension and diabetes diminish the protective effects of preconditioning [30] . How this affects the innate inflammatory response to diverse infectious pathogens is unclear. Also, innate inflammation may be altered in obese patients compared to those with a normal BMI. For example, similar alterations in mRNA and down-regulation in gene expression in adipose tissue are observed in obese patients and in experimental human endotoxemia [31] . Obese patients with acute respiratory distress syndrome (ARDS) demonstrate down-regulation of pro-inflammatory cytokines when compared to normal weight ARDS patients [32] .
The reasons for divergent findings from multiple studies examining the relationship between BMI and outcomes in critically ill patients are not fully explained by our study or prior investigations. Prior studies have been performed in diverse settings in diverse patient populations of varying severity of illness, and use different BMI cut-offs to define underweight and obesity. For example, a prospective cohort study (1,698 subjects) of patients admitted to six medical-surgical ICUs in France demonstrates an increased mortality for BMI \18.5 kg/m 2 (OR 1.63; CI 1.11-2.39) and a decreased mortality for patients with BMI[30 kg/m 2 (OR 0.60; CI 0.40-0.88) [6] . Similarly, a large multiinstitutional ICU database (41,011 patients) shows an association between low BMI (\20 kg/m 2 ) and increased mortality, but no differences in other BMI groups including the obese [7] . More recently, a large multicenter study (3,902 patients) from 24 ICUs in Italy demonstrates that being overweight or obese is associated with a decreased mortality in patients admitted to the ICU [29] . Similarly, utilizing a database of Medicare patients with severe sepsis, Powell and colleagues recently demonstrate that obese (OR 0.59, CI 0.39-0.88) and morbidly obese (OR 0.46, CI 0.16-0.80) severe sepsis patients have a lower mortality when compared to normal weight comparators [14] .
Conversely, a small two-center cohort study of morbidly obese patients (BMI [40 kg/m 2 ) demonstrates a longer duration of ICU stay, a longer duration of mechanical ventilation, and a higher mortality in the morbidly obese group [8] . A higher mortality for obese patients (defined as a BMI [27 kg/m 2 ) was also demonstrated in a single-ICU study from France [9] . A meta-analysis of 14 studies, pooling 62,045 critically ill patients, 25 % of whom were obese (BMI[30 kg/m 2 ), confirms the findings of a longer ICU LOS and a prolonged duration of mechanical ventilation, but demonstrates no difference in mortality (OR 1.00; CI 0.86-1.16; p = 0.97) [10] .
Our study differs from all of these studies except the one by Powell et al. [14] in that all of the patients in our investigation are severe sepsis patients rather than a heterogeneous population of critically ill patients. Also, all of the patients we studied were admitted from the ED, rather than entering the ICU or wards from a variety of locations. Whether outcomes differ by BMI group in patients who develop severe sepsis after hospitalization for an alternate reason remains unclear. In addition, the breadth of our database allows for more granular, patient-level data than many larger databases. This allows for insights including that the lower mortality trend in obese and morbidly obese patients admitted with severe sepsis through the ED may be related to lower severity of illness and differences in location of infection (more cellulitis and soft tissue infections).
There are several limitations to our study. First, due to the retrospective design of our study, 10 % of patients who had severe sepsis during the study period were excluded due to missing BMI data. In addition, our retrospective design is potentially prone to selection and ascertainment bias. However, excluded patients were comparable to the included cohort in terms of age and severity of illness (Appendix 2-3) . Second, the use of admission height and weight for BMI calculations is another potential limitation.
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Patient weight at presentation to the ED, or upon arrival to a hospital floor, will vary the degree of dehydration and the volume of fluid resuscitation delivered in the ED. This is likely to generate a non-differential bias given that processes of care in the ED did not differ by BMI, and weights were recorded prior to knowledge of the primary outcome. Further, BMI may not be an accurate predictor of risks associated with obesity, and a component of BMI may reflect volume overload not obesity in patients with congestive heart failure and other diseases. More nuanced analyses of the relationship between obesity and mortality may be obtained if a measure of functional status is included in the analysis, [33] or if the waist circumference is measured in addition to BMI [34] . We did not collect information on recent weight loss, and a recent weight loss of 10 % in a morbidly obese or underweight patient may compromise health and confer increased risk. Further, we did not collect data on nutrition consumed during hospitalization, and variations in the percent of daily requirements actually received during critical illness may have implications about outcomes. In addition, despite having a final cohort of 1,191 patients, the number of patients in the underweight group (102 patients), and combined obese and morbidly obese group (308 patients), may have been underpowered to find differences between them and other groups that were actually present thus producing a Type II error. Using a database of severe sepsis patients with a wide range of disease severity concentrated the primary outcome in a smaller cohort of patients, and this may have biased toward no difference in mortality being found between BMI categories. Finally, as a single-center study, the results may not be generalizable to other centers with different patient populations.
Conclusions
We find that 28-day mortality is neither significantly increased nor decreased in underweight or obese patient with severe sepsis; our results suggest that outcomes for the morbidly obese may be favorable due in part to different characteristics at presentation and source of infection. Prospective studies using larger patient populations, specifically in the extremes of BMI, are needed to validate these findings. Additional studies examining the relationship between obesity and sepsis-related morbidities including central venous catheter complications, decubitus ulcer formation, drug interactions, and readmission after discharge from the index severe sepsis hospitalization are warranted.
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